Introduction
Chloroplasts contain ribosomes that are structurally and functionally more similar to procaryotic ribosomes than to cytoplasmic ribosomes. Chloroplast ribosomes resemble bacterial ribosomes with respect to their sedimentation coefficients, mode of peptide chain initiation and elongation, sizes and sequences of their RNAs, and resistance to inhibitors that block protein synthesis on cytoplasmic ribosomes (see reviews by Chua and Luck [1974] ; Boynton et al. [1980] ; I. Key evolution.
words: Chlamydomonas, chloroplast ribosomal proteins, antibodies, Brimacombe et al. [1983] ). Chloroplast ribosomes are sensitive to antibacterial antibiotics, and experiments with Chlamydomonas reinhardtii show that the subunit sensitivities are the same as for procaryotic ribosomes (Boynton et al. 1980) . Such similarities have lent support to the speculation that the chloroplast arose endosymbiotically from a free-living photosynthetic procaryote. Recently we (Schmidt et al. 1983) have shown that nearly one-third of the chloroplast ribosomal proteins of the unicellular chlorophyte C. reinhardtii are synthesized, and presumably coded, in the chloroplast, whereas the remaining two-thirds are made in the cytoplasm. The latter are very likely nuclear gene products imported into the organelle for ribosome assembly. Previous studies with Pisum sativum, pea (Eneas-Filho et al. 1981) , and Euglena gracilis (Freyssinet 1978) also indicate that certain chloroplast ribosomal proteins are synthesized in the organelle, whereas others are made in the cytoplasm. It is not known why there is such a dichotomy in the synthesis of chloroplast ribosomal proteins. Possibly the inherent structure or function of those ribosomal proteins synthesized within the chloroplast has led to retention of their coding sequences by the organelle genome. Coding sequences for the chloroplast ribosomal proteins now synthesized in the cytoplasm could have been transferred to the nucleus from the acquired "procaryotic" chloroplast. Alternatively, genes for chloroplast ribosomal proteins now found in the nucleus might have evolved from a series of gene duplications of existing coding sequences for cytoplasmic ribosomal proteins. If one could establish homologies between specific chloroplast ribosomal proteins and proteins of procaryotic or cytoplasmic ribosomes, one might begin to address these interesting evolutionary questions.
Earlier attempts to establish immunological similarities between chloroplast ribosomal proteins and the proteins of procaryotic ribosomes either failed to detect cross-reactivity (Gualerzi et al. 1974; Freyssinet 1977) or, when a general immunological similarity was established, were unab!e to identify specific crossreacting proteins (Schneeman and Surzycki 1979) . Recently, Bartsch et al. (1982) , using antiserum raised against Escherichia coli ribosomal protein L71L 12, detected immunological similarity to a large subunit protein from chloroplast ribosomes of spinach.
,In this paper we describe the methods used to make polyclonal antibodies to representative chloroplast ribosomal proteins of C. reinhardtii synthesized in either the chloroplast or the cytoplasm. Using the sensitive protein or "western" blotting technique (Burnette 1981), we have tested each antiserum for reactivity to chloroplast and cytoplasmic ribosomal proteins from C. reinhardtii and the large and small subunit ribosomal proteins from E. coli. Media and Growth Conditions
Material and Methods Strains
For growth of C. reinhardtii, high-salt medium of Sueoka (1960) was used with no organic carbon source (HS) or with 29.4 mM Na acetate (HSHA: Shepherd et al. 1979) . Stocks were maintained on solid HSHA medium containing 1.5% agar (Meer Corp.) and 0.4% yeast extract (Difco Laboratories) .
Pregrowth cultures of wild-type stocks and the cry-Mlb mutant were grown to mid-log phase in 500-ml flasks containing 300 ml HS medium, bubbled with air plus 5% CO, at 25 C under high-intensity cool white fluorescent light (approximately 200 pE/m2s photosynthetically active radiation [PAR] ). Cells for ribosome isolation were grown in 7-liter cultures of HS medium inoculated at 5 x 10" cells/ ml from the pregrowth cultures and allowed to reach mid-log phase under these same conditions prior to harvest. Cells of the cr-7 stock GB-253 were grown in HSHA medium bubbled with air at 25 C under dim light (approximately 10 ~.LE/ m2s PAR).
Radioactively labeled chloroplast ribosomal proteins from wild-type C. reinhardtii cells of CC-126 were obtained by growing cells in the presence of 7 kCi/ ml 35S sulfate as described in Schmidt et al. (1983) under "long-term labeling." Escherichia coli strain HBlOl was grown at 37 C in 100 ml L broth (Lennox 1955) in 500-ml flasks with vigorous agitation. Bacterial strains were maintained on stock plates of this medium containing 1.5% agar, grown at 37 C and stored at 4 C.
Preparation of Ribosomes
For preparation of chloroplast ribosomal subunits, cells of C. reinhardtii were harvested by centrifugation (10,000 x s, 10 min, 0 C) and resuspended to a cell density of 4 x lo9 cells/ml in cold pH 7.8 buffer consisting of 25 mM Tris/lOOmM KClISmM Mg acetate/O. 15% glutathione (TKM). Cells were broken in a French press at 5,000 lb/in2 and centrifuged at 40,000 x g for 30 min at 0 C. The S-40 supernatant containing total cell ribosomes typically yielded approximately 7,000 A,, units. Approximately 300 A,,,, units of S-40 supernatant were layered over each of l,2 37-ml, 100/o-30% sucrose gradients containing TKM buffer, and the gradients were centrifuged at 2 C in Beckman SW 27 or SW 28 rotors for 20 h at 22,500 rpm. Extra S-40 supernatant, kept on ice until the following day, was used to load a second set of 12 sucrose gradients. The gradients were fractionated, and the large and small subunits were collected and pelleted as described in Schmidt et al. (1983) . The large subunits were resuspended in TKM buffer and centrifuged again on a total of 24 sucrose gradients identical to those described above. The large subunits, now free of contaminating small subunits, were collected and pelleted as before. The final yield of clean chloroplast large subunits was approximately 450 A,, units per 7,000 A,, units of S-40 supernatant obtained from a 7-liter culture.
Cytoplasmic ribosome monomers were isolated as described above except that cells were broken in TKM buffer containing 25 mM KCl, and the S-40 supernatant was layered over sucrose gradients containing this same buffer. Centrifugation was for 13.5 h at 22,500 rpm, 2 C, in an SW 27 rotor. Cytoplasmic ribosome monomers were collected, pelleted, resuspended in TKM buffer containing 25 mM KCl, layered over sucrose gradients containing this same buffer, and centrifuged as before. The cytoplasmic ribosomes, now free of chloroplast ribosomes, were collected and pelleted as above. The pelleted ribosomes were resuspended in TKM buffer containing 300 mM KC1 to dissociate the cytoplasmic ribosome monomers into large and small subunits, 20 A,,, units were layered over each sucrose gradient containing this same buffer, and the gradients were centrifuged for 18.5 h at 22,500 t-pm, 2 C, in an SW 27 rotor. The large and small subunit fractions were pooled separately and pelleted.
Escherichia coli ribosome monomers were isolated according to the method of Nierhaus and Dohme (1979) , except that cells were broken in a French press at 10,000 lb/in2. To isolate subunits, the pelleted monomers were resuspended and sedimented through the same dissociating sucrose gradients used to obtain large and small subunits from C. reinhardtii chloroplast ribosomes. The proteins from approximately 30 A,, units of large and small subunits were extracted with acetic acid as described in Schmidt et al. (1983) .
Gel Electrophoresis
Both the first-(4% acrylamide, 8 M urea) and second-(12% acrylamide/O. 1% sodium dodecyl sulfate [SDS]) dimension gel systems specified by Schmidt et al. (1983) were used to separate ribosomal proteins. These two gel systems are referred to in this paper as "charge gels" and "SDS gels," respectively. The stacking gel of the SDS gel system was as described in Schmidt et al. (1983) , except that the concentration of Tris-HSO, was 0.054 M, not 0.54 M as incorrectly stated in that paper. Molecular weight estimates on these gels were obtained using the same molecular weight standards and methods described in Schmidt et al. (1983) . For co-electrophoresis of C. reinhardtii and E. coli large subunit proteins, 5.0 A,,, of E. coli large subunits were mixed with 430,000 cpm (0.32 A,,) of C. reinhardtii large subunits prior to loading the first-dimension gel. After electrophoresis in the second dimension, gels were stained with Coomassie blue, destained to reveal the E. coli ribosomal protein profiles, photographed, and prepared for fluorography as described by Bonner and Laskey (1974) . Small spots of India ink containing H235S0, were placed in the corners of the gel prior to exposure at -70 C to Kodak XAR-5 X-ray film. In this way the developed X-ray film could be superimposed directly on the dried, stained gel to reveal comigrating proteins.
Electrophoretic Elution of Proteins from Acrylamide Gels and Preparation of Antigens
Proteins from loo-150 A,, units of purified ribosomal large subunits, extracted with acetic acid as described by Schmidt et al. (1983) , were loaded into a single well that ran the length of a 25-cm x 15-cm x 1.6-mm charge gel of Schmidt et al. (1983) . Between 16 and 24 of these gels were needed to isolate the 0.6-3.0 mg of specific proteins used as antigens.
Electrophoresis was at 77 mA/gel for 10 h at 4 C, and the upper and lower electrode buffers were replaced midway through the run. Gels were stained with Coomassie blue, and, after the gels were dried against Whatman 3MM paper under vacuum, bands of interest were cut out with scissors, the paper backing was peeled off, and the dried gel bands were snipped into approximately t/a-inch pieces. These fragments were rehydrated in the second-dimension upper buffer of Schmidt et al. (1983) and negative electrode buffers, respectively, for the electro-elution, except that the lower buffer was diluted with 1 vol H,O. The concentrated proteins were precipitated with 5 vol cold acetone and stored overnight at -20 C. Precipitated proteins were pelleted by centrifugation at 10,000 x g (10 min, 2 C) and dried under vacuum. Proteins were resuspended in approximately 1 ml H,O, 5 ml cold acetone was added, and the sample was left at -20 C to precipitate. This procedure was repeated up to two more times to remove SDS. Protein L-6 was resuspended in 1.0 ml 0.15 M NaCl/l.O% SDS and injected into rabbits without further purification, since this protein appeared to be clearly separated from other ribosomal proteins in the charge gels. The eluted protein samples containing proteins L-l, L-13, L-18, L-21, L-26, and L-29 were each resuspended in SDS-dithiothreitol (DTT) sample buffer (2.0% SDS/10 mM DTT/ 32 mM Tris-H,SO,, pH 6.1) and loaded onto single wells of three to four 25cm x 15-cm x 1.6-mm SDS gels of Schmidt et al. (1983) . After electrophoresis at 18 mA/gel for 12-14 h at 22 C, the gels were stained with Coomassie blue and dried under vacuum, and specific protein bands were excised and eluted as described above. The purified proteins were precipitated three times with acetone as described above, pelleted by centrifugation at 10,000 x g (10 min, 2 C), dried under vacuum, and resuspended in 1 .O ml of a solution containing 0.15 M NaCl/ 1.0% SDS. All seven protein antigens were denatured in SDS to maximize the potential number of antigenic sites and obtain antibodies directed against amino acid sequence rather than protein conformation. Protein concentrations were determined spectrophotometrically by measuring absorbance at 260 nm and 230 nm (Kalb and Bernlohr 1977) or calorimetrically by Lowry assay (Lowry et al. 1951 ).
Preparation of Antisera
Antibodies against purified ribosomal proteins L-1, L-6, L-13, L-18, L-2 1, L-26, and L-29 were prepared in rabbits. The initial intramuscular injection (l/2 ml into each -hind leg) for proteins L-1, L-6, L-13, and L-29 contained 625-750 kg protein in 0.15 M NaCl/l .O% SDS mixed with complete Freund's adjuvant to a final volume of 1 .O ml per rabbit. Booster injections of 200-450 pg protein with incomplete Freund's adjuvant were given after 5 and 7 wk. Proteins L-18, L-21, and L-26 were injected subcutaneously (10 injections of 0.1 ml each along the back of the rabbit) in the same volume of buffer containing approximately 300 pg of purified protein, and booster injections of approximately 100 pg of protein were administered in the same manner. Ear bleeds of lo-50 ml were taken 1 wk after each booster injection, and serum was prepared by centrifugation of blood samples at 10,000 x g for 5 min at 2 C to pellet cells. In the case of L-6 antiserum, the antibody was purified further by precipitation in 33% ammonium persulfate as described by Stelos (1967) . The antisera or antibody solutions were assayed by Ouchterlony double diffusion assays and by the western blotting procedure described below. Each serum used in the experiments described in this paper was obtained from a single rabbit 8 wk after the injection of antigen. Since a second rabbit injected with the same antigen may have responded somewhat differently, our values for the degree of immunological relatedness of ribosomal proteins represent minimum estimates. Pre-immune serum was obtained from all rabbits prior to administering the first injection of antigen.
Western Blotting Procedures
Antibody binding to specific ribosomal proteins immobilized on nitrocellulose filters was detected by a modification of published procedures (Towbin et al. 1979; Bowen et al. 1980; Burnette 1981) . Staphylococcus aweus protein A, purchased from Sigma Chemical Company, was radioiodinated with NalZ51 (New England Nuclear) using the chloramine-T procedure (McConahey and Dixon 1980) . Proteins were transferred electrophoretically from charge gels to nitrocellulose paper (Schleicher & Schuell) in 0.7% (vol/vol) acetic acid (4 C, 4-8 h, 400 mA), and from SDS gels in 192 mM glycine/25 mM Tris-HC1/20% methanol, pH 8.3 (4 C, 8-12 h, 400 mA). The blots were enclosed in Sears "Seal and Save" boiling pouches with 5-10 ml rinse buffer (RB) (10 mM Tris-HCl, pH 8.011 mM ethylene dinitrilo tetra acetic acid, disodium salt [EDTA]/150 mM NaC1/2.0% bovine serum albumin [BSA] ) and treated for 2 h with antibody (1: 1,000 dilution of serum per blot) during continuous gentle agitation at 4 C. This temperature was chosen because preliminary experiments done at higher temperatures sometimes showed decreasing affinity of antibody for cross-reacting proteins. The blots were rinsed for a total of 45 min at room temperature in three changes of RB lacking BSA, resealed into boiling pouches with 5-10 ml RB, and treated for 1 h at room temperature with 1251-protein A (approximately 1 x 10" cpm/blot at a specific activity of 1.6 &i/pg). The blots were then rinsed at room temperature for 10 min in RB lacking BSA, for 30 min in RB lacking BSA and containing 1 M NaCl, and for 10 min again in RB lacking BSA. They were then dried under a heat lamp, were wrapped in clear plastic film, and were exposed at -70 C to either Du Pont Cronex 2DC or Kodak XAR-5 X-ray film using Du Pont Cronex Lightning Plus intensifying screens. Pre-immune controls yielded negative responses.
To quantitate the amounts of 12sI-protein A associated with any particular protein, the protein band was localized on the nitrocellulose by overlaying an overexposed autoradiogram of the blot which provided the outline of the nitrocellulose strip. The region of the nitrocellulose overlapping the protein bands appearing on the autoradiogram was marked and cut out. The pieces of nitrocellulose were placed in 5/s-inch diameter x 4-inch cellulose nitrate tubes, and gamma emission was counted on a Packard Tri Carb series 314 F spectrometer. 
Results
Antibodies were raised in rabbits against the cytoplasmically synthesized proteins L-6, L-18, L-21, and L-29, and the chloroplast synthesized proteins L-l, L-13, and L-26 of large subunits of chloroplast ribosomes from Chlamydomonas reinhardtii (Schmidt et al. 1983) . The specificities of the antisera for their respective proteins were assayed by western blotting (Towbin et al. 1979; Burnette 1981) . Chloroplast large subunit proteins were separated on SDS polyacrylamide gels and transferred electrophoretically to nitrocellulose paper. Individual lanes were cut out, treated with one of the seven antisera, and then reacted with lz51 protein A to detect antibody reactivity to large subunit proteins. All antisera appeared monospecific for their respective proteins except for the antiserum to protein L-6, which also reacted with several other large subunit proteins ( fig. 1 ). In the case of proteins L-18, L-21, and L-29, which all comigrate with other large subunit proteins in this gel system, the specificity of each antiserum was verified Bartsch et al. (1982) have identified a chloroplast large subunit protein from spinach which cross-reacted with antisera directed against E. coli ribosomal protein L7/L12, the most acidic of the large subunit proteins. Similarly, the chloroplast large subunit protein from spinach which cross-reacted with the antiserum to L7/ L12 was also the most acidic, and Bartsch et al. were able to show about a 50% identity in the amino acid sequence between the two proteins. Although we find immunological similarity between E. coli L7/L12 and L-26 of C. reinhardtii chloroplast ribosomes, L-26 is not the most acidic of the large subunit proteins. Instead chloroplast protein L-30 (Schmidt et al. 1983 ) is the most acidic and appears more analogous to E. coli L7/L12, based on 2-D gel profiles ( fig. 6 ), than protein L-26. The electrophoretic similarities taken together with the strong immunological cross-reactivity which L-26 shares with E. coli protein Ll l(?) may be indicative of a greater sequence similarity than in the case of the E. coli L7/L12 and L-26 cross-reactivity. The magnitude of the cross-reactions of the L-l, L-13, L-18, and L-26 antisera to the E. coli large subunit proteins ranges from 2% to 14% of the reaction with their respective chloroplast large subunit proteins (table 1). In comparison, the procaryotes E. coli and B. subtilis show less than 10% cross-reaction between total ribosomal proteins (Gualerzi et al. 1974) .
Immunological cross-reactivity alone may reflect either true protein homology or merely concidental portions of sequence similarity in otherwise unrelated proteins. A stronger case for protein homology can be made for those cross-reacting proteins which share similar electrophoretic properties on 2-D gels than in the case of immunological similarity alone. Hence, the observation that chloroplast ribosomal proteins L-l, L-13, and L-26 show immunological similarity to E. coli large subunit proteins of comparable size and charge (figs. 5 and 6) is very likely significant. Chloroplast ribosomal protein L-18, however, has little correspondence in electrophoretic pattern ( fig. 6 ) with its immunologically similar counterpart, E. coli protein L27. Similarly, the cross-reactivity observed between antisera to chloroplast large subunit proteins L-l and L-13 and two C. reinhardtii cytoplasmic ribosomal proteins may well be coincidental, since the cross-reacting proteins belong to a functionally different subunit and, in the case of L-13, crossreact with a protein of quite a different molecular weight.
Interestingly, antisera to all three chloroplast synthesized ribosomal proteins tested (L-l, L-13, and L-26) cross-reacted with E. coli large subunit proteins. In contrast, of the four antisera made against cytoplasmically synthesized chloroplast ribosomal proteins, only the antiserum to L-18 shows any immunological reactivity to an E. coli ribosomal protein. Although this sample size is small, the trend observed may indicate that the sequences of ribosomal proteins synthesized in the chloroplast have been more highly conserved than those made in the cytoplasm of the cell. We (Schmidt et al. 1984) have found, using in vitro translation systems, that the chloroplast synthesized ribosomal proteins L-I and L-13 are made from nonpolyadenylated mRNA, possibly as mature forms, whereas cytoplasmically synthesized proteins L-2, L-6, L-18, L-2 1, and L-29 are made from polyadenylated mRNA as higher molecular weight precursors. Presumably, the precursors have transit peptides which direct the cytoplasmically synthesized chloroplast ribosomal proteins to the chloroplast. If the genes for the cytoplasmically synthesized chloroplast ribosomal proteins were originally of procaryotic origin, and were subsequently transferred to the nucleus, they appear to have evolved by acquiring transit peptide sequences, being expressed on polyadenylated mRNA, and diverging to the extent that little immunological similarity now exists. Alternatively, those chloroplast ribosomal proteins now encoded in the nucleus could have been derived by gene duplications of the preexisting nuclear genes coding for cytoplasmic ribosomal proteins which have now assumed the function of some of the original procaryotic ribosomal proteins in the chloroplast. However, antisera to the four cytoplasmically synthesized chloroplast ribosomal proteins did not recognize any antigenic sites among proteins of the large or small subunits of cytoplasmic ribosomes. This suggests that the nuclear genes coding for the chloroplast ribosomal proteins synthesized in the cytoplasm either were not derived from nuclear genes coding for the cytoplasmic ribosomal proteins or have evolved to a point that no antigenic similarity remains between their respective proteins.
Based on the extensive knowledge of the function of individual E. coli ribosomal proteins, one might predict similar functions for those chloroplast ribosomal proteins that have both immunological and electrophoretic properties in common with specific E. coli proteins. According to Nierhaus (1980) , E. coli proteins L2, L7/L12, and Ll 1 all belong to a group of ribosomal proteins that interact with 23s rRNA. Similarly, L5 is one of three large subunit proteins capable of binding to 5s rRNA (Yu and Wittmann 1973; Burrell and Horowitz 1975) . Whether this implies a common denominator for chloroplast ribosomal proteins L-l, L-13, and L-26 has yet to be shown. If these proteins do bind rRNA, then, considering the degree of similarity between chloroplast rRNA and E. coli rRNA (Bohnert et al. 1982; Brimacombe et al. 1983) , one would expect those portions of the ribosomal proteins binding the rRNA to have been strongly conserved evolutionarily. Recently, sequences from the chloroplast genomes of Zea mays, corn (Subramanian et al. 1983) , and Nicotiana tabacum, tobacco (Sugita and Sugiura 1983), have been found that share considerable regions of similarity with the genes for E. coli ribosomal proteins S4 and S19, respectively. In E. coli these two proteins are also rRNA binding proteins (see Zimmermann 1980) . However, identification of sequences in chloroplast DNA similar to S4 and S19 provides no evidence that these sequences actually are expressed. Such comparisons may also provide clues to understanding the assembly and/ or location of specific chloroplast ribosomal proteins on the ribosome itself. For instance, E. coli protein L5 is one of four proteins believed to be involved with the interaction of the 30s subunit with the 50s subunit to form the 70s monomer (Traut et al. 1980) . Myers et al. (1984) showed that the nuclear mutant of C.
reinhardtii, u-7, which does not synthesize the nuclearly encoded protein L-29 in vivo, makes the chloroplast synthesized protein L-13 but does not incorporate it into the large subunits of chloroplast ribosomes. As a consequence, this mutant fails to assemble chloroplast monomers normally in vitro unless the concentrations of ribosomal subunits are increased several-fold over that required for wild type. Indeed, if chloroplast ribosomal protein L-13 is functionally equivalent to E. coli ribosomal protein L5, its absence from the large subunit of the chloroplast ribosome might be expected to affect monomer formation.
Identification of immunologically similar protein pairs may also allow us to search more effectively for protein differences in chloroplast mutations known to affect chloroplast ribosomes. Escherichiu coli protein L2 was found to be one of the large subunit proteins that binds chloramphenicol (St(iffler et al. 1980) . In screening chloramphenicol resistant chloroplast mutants for altered ribosomal proteins, a logical starting point would be to focus on C. reinhardtii chloroplast ribosomal protein L-l, considering its similarities to E. coli protein L2.
Also, identification of immunologically related proteins will indirectly prove useful in localizing the genes for chloroplast ribosomal proteins. One would predict sequence similarity between the chloroplast genes coding for proteins L-l, L-13, and L-26 and the immunologically similar E. coli large subunit proteins, because the antisera to the chloroplast proteins were elicited against denatured proteins and hence against amino acid sequence rather than protein conformation. Cloned sequences for the cross-reacting E. coli ribosomal proteins might prove useful in localizing the respective coding sequences on the chloroplast genome of C. reinhardtii. Watson and Surzycki (1983) have demonstrated that cloned sequences of translational and transcriptional components from E. coli hybridize to C. reinhardtii chloroplast DNA. Their results suggest that C. reinhardtii chloroplast DNA contains sequences homologous to probes containing the genes for ribosomal proteins S4, Sll, and S13, and to either S19 or L22.
Finally, antisera to specific chloroplast ribosomal proteins will be useful tools for understanding how the biogenesis of chloroplast ribosomes in C. reinhardtii is regulated. The characterization of these antisera represents a first step in a logical progression of studies to help elucidate the evolution, organization, and expression of chloroplast ribosomal proteins.
Note added in proof.-After this manuscript went to press a paper appeared that makes electrophoretic and immunological comparisons between spinach chloroplast ribosomes and ribosomes from E. coli, but only a single specific crossreaction was detected between large subunit proteins. (Dorne, A. M., J. EneasFihlo, P. Heizmann, and R. Mache. 1984 . Comparisons of ribosomal proteins of chloroplast from spinach and of E. coli. 
